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SUMIARY 



Atl analysis is nacle to show that^ vihen acco^ant is 
taken of sideslip and v/ing flexibility the calculated 
rolling maneuverability of an airplane is in good 
agreement v/ith the results obtained from flight tests. 
The method used for taking into account the effect of 
wing fj.exibility avoids the complications of successive 
approximations but is nevertheless believed to be m.ore 
nearly accurate than other methods based on semirigid- 
ving assumption?-. The application of the method to a 
wing of tubular shell construction is considered, and 
the procedure is illustrated for a modern pursuit air- 
plane . 



INTRODUCTION 



Flight re.^ults obtained from reference 1 and other 
sources indicate that the rolling effectiveness of air- 
planes is in rn.an^^ cases lov/er than that predicted from 
the theoretical m.ethod of reference 2, based on v/ind- 
tunnel aileron effectiveness. Reference 3, on the 
basis of a study of i^ecent experimental data, has sug- 
gested the use of an empirical constant of 0.80 to ac- 
count for the various factors contributing to the 
reduction of rolling effectiveness in flight. The 
present investigation v/as undertaken in order to deter- 
mine a procedure that v/ould enable designers to make a 
more nearly accurate prediction of the lateral m^aneuvera 
bility of airplanes. Inasmuch as the important factors 
affecting the rolling maneuverability appeared to be 
sideslip and wing flexibility, the present analysis is 
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concerned principally with a careful determination of the 
influence of these factors and a comparison of the calcu- 
lated v;ith the flif^ht results for rolling effectiveness 
v/hen allowance is made for sideslip and winf;; flexibility* 

Methods for predicting the effect of sideslip on 
lateral maneuverability are given in references 2^ 4^ and 
v5 but in the present investigation measured sideslip data 
v^ere available and the data were utilized in the com- 
parison of the calculated rolling effectiveness v-^ith the 
flight results. 

A method for calcu.latlng the loss in lateral control 
due to v.'ing twist is given in reference 6. The method 
presented therein^ however, depends on an arbitrarily 
chosen shape for the spanwise twirt distribution in con- 
jujictlon with an empirically determined reference section. 
This proced^ire for obtaining the spauwise twist distri- 
bution^ therefore, does not establish for any particular 
case the required equilibrium, at every section, between 
the aercdynamiic torque in the rolling m.aneuver and the 
elastic force of the wlnjt. For modern airplanes, 
moreover, on which the v;ings have cut-outs for the landing 
gear and armxam.ent that cause comparatively large varia- 
tions f.n the spanvdse torsional rigidity, it would be 
particularly unlikely that an acciirate spanwise tv.^ist 
distribution could be obtained ircmi an arbitrarily chosen 
shape of spanwise twist distribution and an empirically 
determined reference section. 

In order to obtain gi-^eater accuracy in the calcula- 
tions for the effect of v/ing f le::ibility on rolling 
maneuverability, a m.othcd is developed in the present 
investigation in which the spanwise twist distribution is 
ccmiputed on the basis of the actual ^\ring elasticity rather 
than by the m.ethcd of reference 6, The required equi- 
librium! betweoxi the aerodynamic torque and the elastic 
force is established at every section with reasonable ac- 
curacy v:ithout the complications of the successive ap- 
proximations ordinarily required^, to obtain this equilib- 
rium. It is indicated that the m.ethod is applicable 
to modern wing designs having conventional ailerons. 
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SYMBOLS 



L rollirg moment, assuried positive v;hen rotation 

01 right wing is downwarL-^d; for contributing 
factors, see subscripts 

^^^d factors denoting as]pect-rat io correc- 

tion applied to rolling moirient com- 
piited on basis of t\'';o-dimenslonal 
flow 



q dyna^.ic pressure, pounds per squ.are foot 



Vl 



p rolling velocity, assurr.ed positive wl^en the right 

v/ing moves doviiv/ard, radians per r^econd 

V true airspeed, feet per second 

ao slope of lift-coefficient curve per degree at 

infinite aspect ratio, dcj/da 

c^, lift coefficient at a section, positive upward; 

for contributing factors, see subscripts 

a angle of attack at a section, degrees 

/ 1 r2^\ 

indicated airspeed, niles per hour I i ,457 ^^ "p^^^ ) 
p air density 

air density at sea level 
c^r wing chord at any section, feet 

Ca aileron chord at an:;- section measured from hinge 

line to trailing edge, feet 

y coordinate measured along lateral axis of air- 

plane, feet 

y^,y2 coordinates indicating, respectively, the fixed 
^ positions for the inboard and outboard edges 

of the aileron, feet 
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rate of change of section angle of attack with 
\cca /r.^^ aileron deflection for constant nomal force 

at section; used with prine to indicate the 
valne at the section for v^hich wind-tiinnel 
data y;ere obtained 

5a aileron deflection, positive when the right 

aileron ir deflected upward, degrees 

A6a total aileron deflection measured as the angle 

het^.veen the right -'^nd left ailerons, degrees 

9 wing twist, positive when the leading edge of 

right vving rr-oves upv/ard^ degrees 

b vdng span, feet 

S rinp: area 



6M 
dv 



aerodynaTiic twisting noment per unit span tp.ken 
about the aerodynamic center, positive for 
stalling noment, foot-pounds per foot 



rate oT change of pitching -moment coefficient 
^a/c^ per degree aileron deflection for constant 

norriPl force at section; sjTnool is primmed to 
indicate the value at the section for whj.ch 
V7ind- tunnel data were obtained 

e distance from aerodynamic center to elastic 

center at a section, positive when aerody- 
namic center is ahead of elastic center, 
feet 

Cl over-all wing lift coefficient- for contributing 

factors, see subscripts 

M Mach numiber; in expression dM/dy, twisting 

moment 

A(pb/2Y)3 reduction in helix angle pb/2V due to side- 
slip 



A6a total aileron deflection required to balance 

^ steady sideslip 



value of the helix angle pb/2Y measured in 
a roll from. flip;ht data 
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A6g total a?. leTon deflection measnred In a roll 



fvon flight data 

coordinate indicating fixed epanwise position, 
feet 

torsional nor^ent acting cuthoard of a section 

total aerodynamic twisting moment acting on 

wing outboard of a section, foot-pounds ^ 

no/2 \ ' . 

/ dM 



concentr-ated torque applied at section near 
v/in^^ tip, foot-pounds 

^T.R* coefficlenfc of torsional rigidity along span, 

which is equal to ' c^ ' e ' /dy ^ v/here d9/^dy is 

slope of deformation curve resulting from 
concentrated torque IV 

G m.odulus of elasticity in shear 

area enclosed by line nldway between the inner 
and outer boundaries of thin-walled section 
of wing 

t v/all thickness of wing section 

s perimeter measured by line midway between inner 

and outer boundaries of thin-walled section 
of w5ng 

2 /^ds 

K torsion factor equal to 4/13^ for thin- 

vmlled tube in which skin has not buckled 

B - q5a[(6c,/d5a)eT 
Subscripts: 

damp used to denote contribution of aerovd;,mamic 

damping to aerodynamic characteristics of 
airplane 

aileron used to denote contribution of aileron deflec- 
tion to aerodynamic characteristics of airplane 
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twiwst used to denote contribution of v/ing twisting to 

aerod;)'naralc characterls ticf5 of airplane 



ANALYSIS 



The assumption is made that^ during the steady phase 
of a pure roll following the application of the ailerons, 
the rolling moments of an airplane due to the aerodynamic 
dam-pinfi, the aileron deflection, and the winf^ twist are 
in equilibrium. Thus, 

^damp ^aileron ^-^twist ~ ° 



The changes in geometric incidence at any section y, 
wlilch result from the dam^ping, the aileron deflection, 
and the wing twist are, respectively, / \ 5a, and 

\^^a/cn 

9, From, the lifting-line theory (reference 7), therefore, 
for a r\^mmetrical v;ing-ailoron arrangement, equation (1) 
becomes 




where the normally Insignificant rolling -moment contribu- 
tion due to the drag is neglected, and where rj is taken 
to be positive when the right wing m.Dves downward. 

In equation (2), f -| , fo, and f^ are the aspect- 
ratio corrections, for the appropriate geom.etric angle- 
of-attack ddstribution and plr^.n form, and the aerody- 
namic paraiieters ao and (da/66a)^^^ refer to values 

appropriate to a Tlach riumber and lift coefficient for the 
altitude and dynamic pressure q under consideration. 
Reference 7 shows that the aspect-ratio correction for 
an elliptical plan form, is independent of the spanwise 
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distribution of geomeb-ic angle of attack. Calculations 
indicate, also, that .-^'or a v:ing having conventional 
ailerons and a plan form that apprcxliaates the elliptical 
(such as wings having taper ratios of about 1.7:1 to 4:1), 
differences in the values of f-^, fg, and fg will 

usually be negligible. For these cases, therefore, it 
appears justifiable to eliminate f^, f^, and f^ from 
equation (2) . (Per special cases, where the plan form 
departs from the elliptical to a greater extent than in 
the taper ratios mentioned, tne rolling moments in equa- 
tion (1) may be obtained by the method and data given in 
reference 2, in which the antis^/iim'-etrical change in 
geom.etric angle of attack due to wing twist 6, which 
is to be determined herein, can be treated in the same 
m.anner as tliat indicated for the change in angle of at- 
tack due to aileron deflection (6a/65p) .) 

Cn 

The dis trlbu.tions of spanwise twist 9 for use in 
equation (2) may be obtained from a consideration of the 
aerodynamic torque and the elastic forces acting cn the 
wing. 

During the rolling maneuver the lift force at any 
section consists of the component contributed by the 
aileron deflection, which acts at the center of" pressure, 
and the components due to the aerodynamic dam.ping and 
wing twisting, which act at the aerodynamic center of 
the section. This resultant chordwise lift distribution 
gives a twisting moment at each section havinp the value 




+ ^0? + r^-j \ 

"on ^ ^^damp twist J 



' dy (3) 



In equation (5), c^^ is taken about the aerodynamic center 
of the section: the term, in brackets is the resultant lift 
coefficient for the components due to the aileron deflec- 
tion, aerodynamic dam.ping, and wing twisting; and e/cy^ 
is the distance as a fraction of the chord from the aero- 
dynamic center to the elastic center, reckoned as positive 
to the rear. In this equation, the first term on the 
right-hand side represents the total twisting moment of 



8 



the section if the elastic ax? s coincides with the aero- 
d^TTiaraic center and the second term gives the additional 
twisting monent due to the displacement of the elastic 
axis from the aerodynamic center. A consideration of 
the additional twisting moment contributed by the dis- 
placement of the elastic center from the aerodynamic 
center shows that the twisting moment will usually be 
small for conventional v/ing~aileron systems in which the 
ailerons have a span of about 40 to 50 percent of the 
V(/ing span and extend to the spanwise position of about 
90 to 100 percent of the wing semispan. This lov/ value 
for the additional twisting moment follows from the fact 
that the three-dimensional lift dis tribiitions due to the 
aileron deflection, aerodynamic dam.ping, and wing twisting 
tend to have similar shapes because the preponderance of 
the geometric angle-of -attack distribution due to each of 
these components is in the outboard region of the v;lng; 
consequently^ because of the equilibrium! of the rolling 
mom.ent and the siriilar shapes for the lift distribution 

of the com^Donents . the magnitude of Cr ^ + Cr. . , , 

^ ^danv) -^-^twist 

when each half of the wing is considered separately, will 

generally be opposite in sign and of the same order as 

the magnitude of Gt . The factor e/cw is also 

-^aileron ^ ^ 

small for usual wing sections be:?.ause the elastic center 
is in the vicinity of the aerodynamic center. The addi- 
tional tv;i3ting m.oment in the case of conventional v/lng- 
aileron systemis, therefore, will normally represent the 
product of two snail terms; hence, in most cases, for 
practical limits of accuracy/, the last term in equa- 
tion (5) may be neglected as a second-order quantity. 

In order to estimate the magnitude of the effect on 
the rolling maneuverability of the additional twisting 
mom.ent cue to the displacement of the elastic axis from 
the axis of aerodynamic centers, computations were made 
for a typical wing-aileron system, having a 40-percent 
aileron span extending to the wing tip In v/hlch the 
elastic axis v/as assumed to be at a constant distance of 
10 percent of the chord length behind the axis of aero- 
dynamic centers. The computations utilized experimental 
data (furnished by the Army Air Forces), which v/ere ob- 
tained from torsicnal-rigldity tests for the P-47B wing. 
On the basis of these calculations it is estimated that 
the effect of the 10-percent displacement of the elastic 
axis behind the axis of aerodynamic centers would be to 
increase the rolling effectiveness by an amount of the 
order of 1 percent or less for the com.plete range of 
speeds up to aileron reversal. Inasmuch as the elastic 
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p.x5 s in modern wing designs is usually located v/ithin 
15 percent of the chord len[-th from the aerodynamic 
center^ the conclusion regarding the negligible effect 
of the additional twisting-moment term in equation (3) 
appears to be justified. 

The subsequent analysis v/ill consider a wing of 
tubular shell construction. The twist of a section 
at a length y' from the wing center line m.ay be ex- 
pressed as 



It is shown in references 8 end 9 for the case of tubes 
having closed sections,, such as v/ings in which the wall 
or skin is thin in coripari-3on with the ctiier dimensions, 
that the angi:i.lar twist at any section of infinitesimal 
width dy can be expressed in the form 



v/here T is the torsional moment acting outboard of the 
section, G is the m.odulus of ola3bic:.l:y in shear at the 
section, anci K 3s a factor depending on the dimensions 
of the section and, as long as buckling of the skin does 
not occur^ 



If a concentrated torque is applied at a section near the 
wing tip, T in equation (5) is constant along the span 
and is equal to by definition^ cons equentl^r, equa- 

tion (5) may be written 




(4) 



K 




KG 



d9/dy 



1 • 1 1. • 



by definition of C 



R. • 
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The factors K and G depend only on the nodulus 
of elasticity in shear and on the dimensions of th.e 
section and can therefore be considered invariant for 
equivalent loads on the wing as regards T obtained by 
either a concentrated or a distributed torque; conse- 
quently, the equa].ity of the product EG to Crp jr^^ is 

similarly valid for the case v;here T varies along the 
span, or, from equation (5), 



d_e ^ JP _ 



If this value for d8/dy is substituted into equa- 
tion (4), the twist at the spanwise position y^ be- 
comes 



^0 



(6) 



In practice;, the varia':ion of C-p^j^^ along the span 

is usually determined by applying a pure twisting couple 
Vl^ at a section near the wing tip and obtaining the 
slope of the deformation curve dO/dy from measured 
values of the angular twist at various points along the 
span. The foregoing procedure for determining the span- 
v/ise distribution of tv/ist 0 in a rolling maneuver is 
lllustr?3ted for th;e case of a modern pursuit airplane 
in table 1(c) and in figures 2, Z, and 4. 

As a result of the foregoing analysis, for the case 
of conventional v;ing-aileron systems having approximately 
elliptical plan forms of taper ratios from about 1.7:1 to 
4:1, equation (2) may be written 



57. sir 



r 



'^1 



5aCwy - 



aoGcv/y dy (7) 
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where G Is de terinliied from equation (6), in which the 
value of T at any spanwise position y is- 




J^quatiors (7) and (8) are also applicable to the case of 
a symmetrical wing-aileron plan form v>;ith differentially 
operated ailerons provided that the average aileron 
deflection is used for 5^o* If (^^n/^^a) is obtained 

from lovz-speed wind-tunnel results, the value of this 
parameter should be multipli ed b y a compressibility cor- 
rection factor, such as - rA^ p when used in equa- 
tion (8). On the ri.^ht-hai'id side of equation (7) the 
first term represents the part of the rolling effective- 
ness contributed by the rigid wing and the second term 
represents the reduction of rolling effectiveness due 
to v/ing flexibility. The speed V is contained in 
equation (7) in the expression for 9, since 9 is ex- 
pressed in equation (6) as a function of T, and T is 
expressed in equation (8) as a function of q 

(or -^P^^ ) • "^'^^^ aileron reversal speed can be obtained 

from, equation (7) by plotting p or pb/2V against V 
and noting the speed corresponding to the Intersection 
of the curve with the horizontal axis. If (da/6Ca)c^^ 

and {^^o-jr^i/dbo^ ^ can be expressed analytically vrith 

A i 

reasonable accuracy as f^onctions of \% the aileron 
reversal speed can' be obtained by setting the left member 
of equation (7) equal to zero and solving the equation 
for V through 9 -^s ijreviously explained. 



RESULTS AJID DISCUSSION 

Calculated Results 

Calculations were made by the foregoing method for 
the rolling effectiveness of a modern pursuit airplane at 
various speeds. The details of the computations are 
given in order to illustrate an application of the method. 



The calculations were nade for the P-47C-1-RI: air- 
range of iadicated airspeeds from 150 miles 
to the aileron reversal speed at an altitude of 
tely 4000 feet. The tv/o-dimensional slope of 



plane for a 
per hour 
approxim 



the lift-coefficient curve 



was assumed 



constant 

along the span and was therefore eliminated from equa- 
tion (7) • The dimensions of the v;ing-aileron system 
v;ere obtained from drawings supplied by the Repu'olic 
Aviation Corporation and are given in figure 1 and 
table I. The values 




and 



a 



/Cn 



i'or the aerodynamic param.eters 
in equations (7) and (8), 



respectively, were based on tv/o-dimensional test re- 
sults obtained from unpublished tests made in the IIACA 
8-foot high-speed tunnel for a section at the midaileron 
span of the P-47C-1-RE airplane. Because the ratio of 



aileron chord to 
the span, the tesl. 
v/ere extrapolated 
of figure 1 of rel 



'ing chord varied significantly along 
. results for the m.idaileron section 
on tho basis of the theorcuical curves 
'crence 10 in order to obtain the corre- 



aileron sections; that is. 



spending values at the other 
it was assijmed that the ratio of the actual aileron ef- 
fectiveness at any section to the theoretical value was 
the same as the corresponding ratio deduced for the 
section tested in the wind tunnel. Thus, 



6 a \ 



theor 



d a 
c5c 



76 a 
^^6 5a 



! » 



On 



(9) 



^uj theor 



where the primed s^/mbols refer to the values as obtained 
for the section tested in the wind tunnel. A corre- 
sponding' relationship was also assumed for 

The variation with of the parameters 

Cn 



is shown in figure 2. The 
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values plven in the fi^f^ure are based on the unpublished 
data from tho 8-foot hip;h- speed tunnel for an aileron 
deflection of ±4^ at a v»/ing lift coefficient and Mach 
nuiiiber appropriate with reasonable accuracy to the 
P-47C-1-PE airplane at an altitude of approximately 
4000 feet. 

The torsional rigidity of the wing was obtained from 
experimental data furnished by the Army Air Forces, 
Materiel Center, l/right Field, Ohio for a prototype P-47B 
airplane. The P-47C-1-RT^ airplane wing structure is the 
same as that for the P-47E, although tlie sharp-nose 
Prise ailerons of the P-473 were modified for the 
P-47C-1-RE by incroducing a blunter nose. The tests at 
Vvright Field were made by applying a pure twisting couple 
at a section near the v/ing tip anc^ m.easuring the angular 
twist at various stations along the span. The varia- 
tions along the wing semi span of the twist 6 per unit 
and of the torsional --rigidity coefficient C-n p as 

obtained by the .-^"oregoing tests are shown in figure 3. 
The spanwise variations of the aerodynam.ic twisting 
moment due to t>ie rolling maneuver dM/dy and the re- 
sulting total twisting moment outboard of any section T 
were calculated by m.eans of equation (8) . In the com- 
putations the effect of the displacement of the elastic 
center from the aerod;;mamic center on the aerodynamic 
torque due to the rolling maneuver was neglected because 
data obtained from the Republic Aviation Corporation- 
indicated that the elastic axis for the P-47C-1-RI; wing 

was of the order of 5-^ percent of the chord length back 

of the quarter-chord point. The spanwise twist distri- 
bution during the m.aneuver v/as com.puted from equation (6) 
by obtaining the value of T/Crn^p^^ at several stations 

along the span, and plotting these values as a function of 
the sjjanwise position y. The twist at any section is 
then equal to the area of the resultant curve measured 
from the center of the w^ing span to the desired station. 
The distributions of dM/dy, T, and 9 in terms of 
the aileron deflection, dynam.ic pressure, and pitching- 
m.om.ent-coef f icient derivative at the test section 



The detailed steps and the numerical results obtained 
in the evaluation of the three m.embers of equation (7) per 
unit aileron deflection are shovm in table I. For 




are shovm in. figure 4. 
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convenience in mahing the summation indicated at the end 
of thiw^ table, the reapective foiTnulas for the thi'ee 
terms are referred to as 1(a), T(b)^ and 1(c). The 
specific conputations for each term are given separately 
in the (a)^ (b), and (c) parts of the table. It should 
be noted at this point that the unit aileron deflection 
referred to is for one aileron and consequently the 
graphical Integration [:lven in the table is divided by 2 
in order to present the results in terns of the total 
aileron deflection AO^. 



On the basis of the foregoing data. 



pb/gy ^ 



A5^ 



0.00319 



- 0„000237q 



Cn 



(10) 



where 



pb/2V 



A5, 



the value of the helix angle per degree 



total aileron deflection measured as the angle between 



the right and left ailerons. 



Values for 



and 



76 a' 
1^6 5a 



y^n 



for use in equation (10) were obtained 



from figure 2 at the corresponding to the dynamic 

pressure q. 

The results of the calculations are presented in 
figure 5. Figure 5(a) gives the variation with of 
the effective helix angle pb/2V per degree total 
aileron deflection both for an assumed rigid wing and for 
the actual flexible v/ing in a pure roll at an altitude of 
approximately 4000 feet. The figure shows that, at 
Vi = 400 mi 

is to reduc 



les pe^r hour, the effect of v/ing flexibility 
e PV^^ from 0.0034S to 0.00259, and that 



aileron reversal occurs at Vj^ - 545 miles per hour. 

Figure 5(b) sumxiari?iep the calculated results from 
figure 5(a) and gives the variation with Vj_ of the 



ratio of 



Pb/2V 



for the flexible wing to the value for 



A5a 

the assumed rif^id wing. This figure shows that at 

= 400 miles' per hour, the ailerons for the P-47C-1-RE 
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airplane are only 69 percent as effective in the actual 
flexible wing as ?!.n an assumed rigid one. These 
quantitative results are based on data for a total aileron 
deflection of 8"^ . Because of the variation of compres- 
sibility effects v/ith aileron deflection for Prise 
ailerons the quantitative results may be noticeably dif- 
ferent for very sraall deflections. 



Com.parison of Calculated and Flight Results 

Figure 6 presents a comparison of the calculated 
rolling effectiveness with flight results for the 
P-47C--1-RE airplane for a range of V.^ from 150 to 

405 miles per hour at an altitude of approximately 
4000 feet. The calculated T'esults shov^ the rolling ef- 
fectiveness for the assurr-ed rigid wing and also the 
rolling ef f ectiveriess \vhen allowance is m.ade for the v/ing 
twist and sidesliT:> which accompanied the actual rolling 
maneuver. The flight data shown in figure 6 are based 
on unpublished results from tests conducted by the NAG A 
on the P-47C-1-Rrc airplane. In these tests the angular 
deflections of the ailerons represent values m^easured at 
the inboard edge of the aileron span* The mxeasured 
aileron deflections thus eliminate the factor of stretch 
in the aileron control system, but the assumption is made 
that the aileron deflection at the inboard edge of the 
aileron span is representative of the deflections over 
the entire aileron span. 

In figui'e 6, curve A gives the calculated value 

for for the asp-um^ed rigid wing in pure rolling. 

AO^ ... 

Curve B presents the results of curve A corrected for 
the sideslip and Y/ing flexibllityo The magnitudes of 
the corrections due to sideslip as represented hj curve C 
were obtained by taking the m.easured values of the side- 
slip at the time of maxim.\iin rolling velocity and then 
employing flight data based on the P-47E airplane for the 
aileron deflection required to balance the measured 
mxagnitude of steady sideslip.. As the rolling criterion 
pb/2y is directly proportional to 5^, the ratio of the 

aileron deflection required to balance the sideslip to 
the deflection measured in the roll is equal to the corre- 
sponding ratio of the loss of pb/2V caused by the side- 
slip to the sum of the measured pb/2V and the magnitude 
of the reduction in pb/2V contributed by the sideslip. 
This relationship ns.j be expressed in the form 
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or by the equivalent formula 



AC, 



A6 



- A5, 



where ^^p^j refers to the loss In pb/2V due 
slip, ^^as "t^^^ total aileron deflection required to 

balance the sideslip, and the subscript fl is used to 
Indicate the measured values obtained In flight. The 

nb V 

reduction in — due to v/ing flexibility rriven in 

curve D of figure 6 represents the difference in rolling 
effectiveness between the rigid and flexible Y>/ing as 
determined from figure 5(a). The flight results in 
figure 6 (designated by circles) represent the average 

value of 2^4^ for right and left rolls. The flight 

^^a ^ 

values v;ere obtained for a total aileron deflection of -8 

by plotting the measured values of pb/^V against AS^ 

for each of the indicated airspeeds and using the faired 
values of pb/2V at A5a = 8^. 

The comparison in figure 6 of the calculated results 
with the flight results indicates good agreement when the 

calculated values for sire corrected for vfing 

^^a 

flexibility and sideslip. The greater values of rolling 
effectiveness in flight than the calculated values, at 
speeds above approximately = 550 miles per hour, may 

be explained to som.e extent by the fact that the flight 
results are based on aileron deflections measured at the 
inboard edge of tlie aileron, v/hereas the crank for the 
P-47C-1-RE aileron control system is located at the 
center of the aileron span; consequently, the effective 
aileron deflection along the span is likely to be 
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somewhat greater than the value i-^ieasurert at the Inboard 
edge because of the tw:.s tin,';;; of the torque tube. 

On the basis of the foregoing comparison, it appears 
tliat, \"hen stretch in the control system is neglected, 
the usual discrepancy which has been found between wind- 
tunnel and flight aileron effectiveness can be fully 
accounted for by the sideslip and v/lng twist that ac- 
comiDanies the roll. 



-T-^ — due to sideslip varies approximately inversely as 

A 0 r 



In figure 6, as is to be expected^ the reduction in 

Pb/SV 
-a 

the squ.are of the speed; whereas the loss due to v/ing 
flexibility increases approximately as the square of the 
speed 0 On this basis the trend Is for the flight re- 
sults for a certain range of com.para tively low speeds to 
show little or no reduction in aileron effectiveness 
with increasing speed because the reduction in pb/2V 
due to the v/ing twist is being com.pensated for by the in- 
crease in pb/2V due to the smaller sideslip at the 
higher speed. 



1. The calculated results of the present analysis 
Indicate that the ailerons of the P-47C-1-RE airplane 
when deflected ±4^ at 400 miles per hour indicated air- 
speed at approximately 4000 feet altitude are only 

69 percent as effective in the actual flexible wing as 
In an assumed rigid wing, and aileron reversal occurs 
at 545 miles per hour indicated airspeed. 

2. The comparison of the calculated rolling effec- 
tiveness based on v;ind-tunnel data for the aerodynamic 
parameters of the wing --aileron system indicates good agree- 
m.ent with available flight results when allowance is made 
for the sideslip and wing twist which accompanied the roll. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Com^mittee for ^leronautics, 
Langley Field, Va. 
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Dlatanc* 

froB cen- 
ter line, 

y 

(ft) 



i(») 



(ft) 



c^y2 

(ft^) 



Kb) 



r 



Aileron 

chordf 
froB 
iiin«e 
line, 0,^ 

(ft) 



ca/cw 



Jtheor 
Reference 10, 
fig. 1 



_C"/'*')on_ 



(from equa- 
tion (9)) 



0 

2.42 
4.39 

5. S3 
8.67 
11.00 
13.50 
16.17 
16.00 
17.67 
19.34 
19.92 
20.39 



9.04 
9.00 
8»83 
8.71 
8.19 
7,70 
7.03 
6.47 
6.06 
6.20 
3.64 
2.75 
0 



0 

21.76 
38.28 
46.46 
70.97 
84.74 
94.87 
98.12 
96.99 
91.81 
70.43 
54.78 
0 



0 

62.59 
165.9 
247.8 
615.2 
932.3 

1281 

1488 

1552 

1622 

1362 

1091 
0 



1.10 
1.32 
1.29 
1.27 
1.03 
.40 



0.143 
.188 
.200 
.209 
.198 
.110 



0.465 
.637 
.550 
.560 
.545 
.415> 



0.846 
.976 
1.000 
1.018 
.991 
.765 



71,64 
92.63 
98.12 
98.74 
90.98 
63.14 



By graphical integration. 



b/2 



,7^ dy « 16,300 ft* 



By graphical integration, 

2 



1(a) > 67.3^ J c,y2 dy 

- WfS 16,300 
« 46,500 1^ ft^ 



Kb) 



■Cm 



— c,y dy = 745 ft^ 



OwJ dy = 746 



Distance 

fro« cen- 
ter line, 
1 

(ft) 



Kc) 



>Jb/2 



dy 



Reference 10, 

fig. 1 



(aexn/30a)cn 
[^^Utheor 



(ft2) 



1 dM . 
B dy ■ 



gac^^6a)cn]' 

(ft2) 



1 dM . , 



(ft^) 



rrom 
fig. 3 



T/B 



1 = 

'0 Ct.r. 



\ lb 



0 

2.42 
4.33 
8.33 
8.67 

11.00 
13.50 
16.17 
16.00 
17.67 
19.34 
19.92 
20.39 



0.0104 
.0111 
.0112 
.0112 
.0112 
.0096 



0.929 
.991 
1.000 
1.000 
1.000 
.857 



81.63 
81.04 
78.00 
75.86 
67.04 
69.32 
49.37 
41.84 
36.72 
27.00 
13.26 

7.66 

0 



55.09 
48.93 
41.84 
36.72 
27.00 
11.37 



328.2 
323.2 
323.2 
323.2 
323.2 
323.2 
196-1 
120.1 
87.3 
32.6 

0 

0 

0 



1,900,000 
162,000 
83,500 
48,600 
38,900 
36,100 
34,000 
31,200 



0 
0 
0 

0.00017 
.001995 
.003871 
.004014 
.003087 
.002410 
,000966 

0 
0 
0 



0.000080 
.002024 
.009844 
.02048 
.02636 
.02869 
,0S120 
.03190 
.03190 
.03190 



0 
0 
0 

0.0037 
.2146 
.8342 
1.943 
2.867 
2.776 
2»865 
2.247 
1.748 
0 



By graphical integration. 



/>^/2 ^c-y s 
/ ^-JSi- dy > 21.60 ft^ 
VQ » 



Ko', = / eo.y dy 



« 21,60B ft*= 



By uee of equation (7) with 6* glren in terms of the total aileron deflection, 

1(a) ^ libi ^ iXoi 
A 6a A^a 



45500 pb 745 1/ da \ ]' 21.60 {/^^m\ T 



L--525 




Fi'^ure h- P/an form of iving sarnispan shoi//ing wino and 

a //e ton metis ions. P''47C'/' RE airpJane- lA/irfq -n 
area^3003^uc(re feet^ ciil'^ron areai 25,1 square-^ feef. £ 



in 



NACA 



Fig.e 
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